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ABSTRACT 

Results of radiometric measurements over bare and vegetated fields with dual polarized 
microwave radiometers at 1.4GHz and 5 GHz frequencies are presented. The measured brightness 
temperatures over bare fields are shown to compare favorably with those calculated from radia- 
tive transfer theory with two constant parameters characterizing surface roughness effect. The 
presence of vegetation cover is found to reduce the sensitivity to soil moisture variation. This sen- 
sitivity reduction is generally more pronounced the denser the vegetation cover and the higher 
the frequency of observation. The effect of vegetation cover is also examined with respect to 
the measured polarization factor at both frequencies. With the exception of dry com fields, the 
measured polarization factor over vegetated fields is found appreciably reduced compared to 
that over bare fields. A much larger reduction in this factor is found at 5 GHz than at 1.4GHz 
frequency. 


RADIOMETRIC MEASUREMENTS OVER BARE AND VEGETATED FIELDS 


AT 1.4GHz AND 5GHz FREQUENCIES 


1. INTRODUCTION 

Although many passive microwave experiments on the remote estimate of soil moisture con- 
tent have been conducted at both aircraft and satellite altitudes (Schmugge et al., 1974, 1977; 
Eagleman and Lin, 1976; Blanchard et al., 1981; Schmugge, 1980), measurements at ground level 
with microwave radiometers mounted on a mobile tower remain a fundamental means for 
studying the effects of soil moisture variation, soil type, surface roughness, and vegetation cover 
on the microwave radiometric outputs (Newton and Rouse, 1980; Njoku and Kong, 1977; Wang 
et al., 1980a, b; Schanda et al., 1978; Wang and Choudhury, 1981). Results of different mo- 
bile tower measurements on bare soils are generally in agreement with one another and confirm 
the observations made at aircraft altitudes. On measurements over vegetated fields, there is some 
discrepancy between the results of Newton and Rouse (1980) and those of Wang et al. (1980a) 
and Kirdiashev et al. (19'’9). At the frequency of 1.4GHz, Newton and Rouse reported a neglig- 
ible vegetation effect on the radiometric outputs, while Wang et al., and Kirdiashev et al., observed 
a definite dependence of briglitness temperature on vegetation cover. The observed dependence 
from the latter experiments is stronger the higher the frequency of observation and the denser the 
vegetation cover. Clearly more measurements are needed in order to resolve this discrepancy and 
to study the microwave interaction in the vegetated medium. 

In this paper we report results of measurements made in both 1979 and 1980 over bare and 
vegetated fields. The inclusion of the 1980 measurements provides a much broader range in both 
soil moisture content and vegetation biomass, as compared to that reported by Wang et al. (1980a) 
based on 1979 data alone. The experiment procedure, test site characteristics, ground truth data 
collection, and microwave sensor specification are first described. This is then followed by dis- 
cussions of bare and vegetated field measurement results. Conclusions derived from these results 
are generally supportive of earlier report by Wang et al. (1980a). 



2. THE EXPERIMENT 


The measurements in both 1979 and 1980 were conducted on a test site in Beltsville, Md. 
managed by U.S. Department of Agriculture/Beltsville Agricultural Research Center. The field 
soil is Elinsboro sandy loam with average texture in the top 20cm of 63% sand, 27% silt, and 
10% clay according to the U.S. Standard Classification. The radiometric measurements were 
made on four 18.3m X 18.3m plots and the surrounding grasslands. One of the four plots was 
planted with soybeans in rows about 61 cm apart. Within each row, the average separation be- 
tween plants was ~5cm. Another plot was planted with row co: i about 76cm apart and the 
plant separation in a given row averaged abo '0 cm. The two remaining plots were bare and 
kept free of vegetation by periodically spraying v/ith the herbicide paraquat. The area surrounding 
those plots was cultivated with orchard grass which was maintained at two different heights, ap- 
proximately 10 cm and 30 cm. All plots and grasslands have relatively smooth soil surface with 
small amplitude undulation. 

Two microwave radiometers were used in both 1979 and 1980 measurements, one at the fre- 
quency of 1.4GHz (L-band) and the other, at 5 GHz (C-band). Both radiometers measure the 
brightness temperature Tg of a target in both vertical and horizontal polarizations simultaneously 
The radiometers are of the Dicke type with two internal calibration references: a hot load at 
300°K and a cold load at the liquid nitrogen temperature of 77° K. In addition, absolute calibra- 
tions of the radiometers were made by pointing the antennas to the xy iTg — 5°K at 1.4Ghz 
and 5GHz) and a layer of Eccosorb slabs (23 cm thick) at the ambient temperature at least once 
during each day of field measurements. During the ,,ourse of each year's measurements, the 
whole sensor system was moved to a nearby lake at least twice for calibration with calm water 
surface. Based on these calibration results, it was estimated that the radiometric measurements 
made in the test site were accurate to .about ±3°K at bodi 1.4GHz and .‘'GHz frequencies (Wang 
et al., 1980b). In the 1979 experiment, the measured bare field Tg's at 5 GHz were found to be 
about ~8°K lower than those at 1.4GHz when soil moisture contents were >15% by dry weight. 



It was believed at the time that a significant side lobe in the 5GHz phased-array antenna pattern 
located at 85° away from the main beam was the cause of the observed effect. In the 1980 ex- 
periment, therefore, the 5 GHz phased-array antenna was replaced by two corrugated horns, one 
for each polarization. The results of the bare field measurements with the horn antennas turned out 
to be in fairly good agreement with those of 1979 measurements as described in the next section, 
indicating that the side lobe did not cause the lower Tg at 5GHz. The 3-db beamwidth in the radia- 
tion patterns of the horn antennas is 15° as compared to ~ 8° for the phased-array antenna. The 
1 .4GHz antenna used in both years is a 1 .2m dish with a 3-db beamwidth of ~ 12°. 

Concurrent with the radiometric measurements, soil moisture content at the layers of 0- 
0.5 cm, 0-2.5 cm, 2.5-5.0cm, and 5.0-1 0.0cm at two locations within the 3-db footprint of the sen- 
sors was gravimetrically measured. Extensive graviinetric soil moisture samplings at the depths 
of 0-1.25 cm, 1.25-2.50 cm, 2.50-5.00 cm, and 5.00-10.00 cm at 9 different locations uni- 
formly distributed over each plot were also made within two hours of the radiometric mea- 
surements. As an experimental test of soil moisture sampling, a gamma ray meter and a 
neutron meter were used to measure moisture contents down to 35 cm and in the top few 
centimeter respectively. Soil density in the top 2.5 cm was measured with a cylindrical container 
5.08cm in diameter and 2.54cm in height. At the layers of 2.54-5.08 cm and 5.08-1 0.1 6cm, 
the soil density was estimated from the gravimetric and the corresponding gamma ray meter data. 
Soil temperature of all plots was measured only at the depth of 1.25 cm and 1 1.25 cm during 
1979 experiment. In 1980, this measurement was extended to cover five different depths at 
0.25cm, 1.25cm, 2.5cm, 7.5cm, and 15.0cm. Ambient and vegetation canopy temperatures 
were recorded during radiometric measurements. A nearby climate station provided data on 
daily rainfall, daily pan evaporation, maximum and minimum air temperatures, and total daily 
wind run. 

Above-ground biomass samples and plant heights on grass, com and soybean were made 
about once a week close to the time of radiometric measurements over the vegetated fields. The 
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samples were weighted and dried to determine water content. During the 1980 measurements, 
leaf area index and percent vegetation cover were also included in the biomass sampling. Figure 
1 shows the time variation of the total biomass in Kg/m* for 10cm grass, 30cm grass, com, and 
soybean fields. Only one month of measurements was made in 1979 when corn plants were al- 
ready wilted. Soybean reached maturity at the beginning of that year’s measurement and the 
total biomass decreased rapidly as the plants were wilting with time. The measured soybean 
biomass and wilted corn biomass in 1980 were smaller than the corresponding ones in 1979 al- 
though both plants w - grown the same way in two years. The average height of 10 cm grass 
was ~ 16 cm and that for the 30 cm grass was ~ 25 cm in 1980. The biomass of both fields 
were comparable because the grass is less dense in the 30 cm grass field compared to the 10 cm 
grass field. The fact that the soil moisture content in all plots remained dry (<10% in top 2 cm) 
most of the time in 1980 could be the reason for the plant’s decreased growth. The horizontal 
bars at the top of the figure indicate the time periods the 5GHz (C-band) and 1.4GHz (L-band) 
radiometers were operative. In the 1980 measurement, the entire sensor system stopped function- 
ing between July 18 and August 20 after it was struck by a severe thunderstorm. 

3. BARE FIELD RESULTS 

Figure 2a shows the normalized brightness temperature T^^jj observed at 1.4GHz frequency 
and at the incidence angle 0=10° plotted against the soil moisture content W (% by dry weight) 
measured at the top 2.5 cm layer. Figure 2b gives the similar plot for radiometric measurements 
at 5 GHz frequency. Tj,jg is defined as 

T 

Tnb = ~ (1) 

*s 

where Tg is the measured brightness temperature and Tg is the physical temperature of soil ob- 
tained at the depth of 1.25cm. Both Tp and Tg are expressed m °K. Another method of norm- 
alizing Tp is to use effective soil temperature TgCf (Choudhurx' et al.. 1981) in place of Tg. From 
all the temperature and moisture profiles we measured over both bare and vegetated fields during 
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1979 and 1980 experiments, the estimated difference between Tg at 1.25 cm and is not more 
than 2“K. 

In both plots, most of the 1980 data points are limited to the region of low W, while the 
1979 data points, to the region of high W. For W's between 8% and 15% the measured Tj^g’s in 
two different years fit together nicely indicating the consistency of the measurements. A linear 
regression analysis of the combined two-year data in Figure 2a gives a correlation coefficient r‘ 
of ~0.91 between Tj^g and W. A similar analysis gives a r- of 0.86 for 5GHz measurements 
shown in Figure 2b. Notice that the regression line for the 5GHz data is steeper than that for 
the 1.4GHz data. This is consistent with the emission model calculations of Mo et. al. (1980; 
in which the calculated Tg’s at a given frequency are plotted as a function of W in the top 2 cm, 

5 cm, 9 cm. and 15 cm layers. The regression line becomes steeper as W’s are evaluated over a 
deeper layer. Since the sampling depth at 5GHz is smaller than that at 1.4GHz, and most varia- 
tion in W occurs at the top layer of the soil, the observed Tg’s at 5 GHz should correspond to a 
wider range in W than that at 1.4GHz. It can be shown that when Tj^'s at 5GHz are plotted 
apinst W in the top 0.5 cm layer, the slope in the regression hne is reduced appreciably. 

Based on the data taken in 1979, Wang et al. (1980a) showed that the measured brightness 
temperature can be predicted fairly well by a radiative transfer model (Wilheit, 1978) with two 
constant parameters characterizing the field surface roughness (Choudhury, 1978; Choudhury et 
al., 1979; Wang and Choudhury, 1981). Using the same roughness height h = 0.15 and polariza- 
tion mixing coefficient Q = 0.13 derived from the 1979 measurements (Wang and Choudhury, 
1981), brightness temperatures Tg’s at 1.4GHz of the bare fields with moisture and temperature 
profiles measured in 1979 and 1980 were computed with the same radiative transfer theory and 
the dielectric permittivity model (Wang and Schmugge, 1980). The computed Tg’s are compared 
with the measured values in Figure 3a and b, for incidence angles of 0 = 10° and 6 = 50°, re- 
spectivelj A similar analysis is made on the 5 GHz data and the results are shown in Figure 4a 
and b for 0 = 10° and 0 = 50°, respectively. Tlie h and Q values used in the radiative transfer 
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calculation at this frequen :y an .06 and 0.08, respectively. It can be seen that a reasonable 
agreement is found between the c; culated and measured Tg’s at two widely different incidence 
angles. 

According to Choudhury et al. U979) and Choudhury (1978), the rougher the soil surface 
the higher the h and Q values are required to match the radiative transfer calculations to the ob- 
servational results. The higher h and Q values used at 1.4GHz then suggest that soil’s microwave 
emission is less sensitive to lurface roughness at 5GHz t.han at 1.4GHz frequency. Whether this 
is a true effect or due to a v,'eakness in the model calculation remains to be studied fully in the 
future. A conclusiv • ? ,,i of the frequency dependence on surface roughness in soil’s thermal mic- 
rowave emissiov, will liwc to ue made with multiple-frequency measurements over surfaces pre- 
pared in a number of different roi_nness distributions. This can be done more readily on a high- 
clay content soil than a sandy soil like the one reported in this paper. 

A close examination of Figures 3 and 4 reveals that there is a slight difference of ~5-7°K 
between the measured and calculated Tg’s at liigh Tg values, with the exception of the 1.4GHz 
and 6 = 10° data set in Figure 3a. The calculated Tg's are higher than the measured ones at 1.4 
GHz frequency and 6 = 50°, while at 5GHz frequency the calculated Tg's are lower than the 
measured ones at both 6 = 10° and 0 -- 50°. One of the reasons could be the positive interference 
effect of the coherent radiative transfer model possible for dry soils (Schmugge and Choudhury, 
1980). Another reason could be the deficiency in the emission model calculations using radiative trans- 
fer theory (Wilheit. 1978) and the empirical dielectric permittivitv model (Wang and Schmugge, 1980) 
in the low W region. For example, the real part e' of dielectric permittivity for dry' soil samples mea- 
sured by Davis et al (1976) averages about 2.29. The data compiled by Wang (1980) give an average 
c’ for dry soil of 3.14 , while the empirical niodei of Wang and Schmugge (1980) gives e' = 3.25 at 
W = 0. This large variation in e' for dry soil is comparable to the change of e' with W in a soil- 
water mixture at low W. A change of e' for dry soil from 3.25 to 2.70 in the dielectric empirical 
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model gives a corresponding change of 2-5 °K in the calculated Tg’s for the measured 1980 soil mois- 
ture and temperature profiles. Additional sources of uncertainty could come from the imprecise mea- 
surements of soil bulk density as well as some difference in the surface roughness for fields used in 
two different years of measurements. 

4. VEGETATED FIELD RESULTS 

Data obtained in the 1979 experiment (Wang et al., 1980b) have been studied for 0=10° 
and reported by Wang et al. (1980a) and Jackson ct al. (1981). In the following, data sets from 
both the 1979 and 1980 measurements are analyzed at 0 = 40° for vegetation effect in terms of 
radiometric response and polarization characteristics. Figure 5a shows the measured horizontally 
polarized T^g at 1.4GHz frequency and at 0 = 40° as a function of W for bare field as well as 
fields covered with 10 cm grass and 30 cm grass. Figure 5b shows the similar plot for soybean 
and corn fields. The corresponding data measured at 5GHz frequency are plotted in the same 
way in Figure 6a and b. The soybean data points enclosed in the rectangles in both figures were 
taken over the period when the plant height was <17 cm and the canopy coverage was <8%. 

As expected the radiometric response during this period was comparable to that for bare field 
at similar W’s. Similarly, the enclosed corn data points in Figure 5b were obtained during July 
10-August 22 of 1980 when the total plant biomass was high. The Tj^g’s as indicated by these 
data points were higher than those measured in the remaining time periods (corn was dry) at a 
comparable level of W’s, qualitatively showing the vegetation effect. Applying a linear regression 
to each of five data sets shown in Figure 5a and b, excluding those data points enclosed by 
rectangles, gives correlation coefficients r- of 0.91, 0.96, 0.53, 0.81, and 0.87 sequentially for 
bare, 10 cm grass, 30 cm grass, soybean and corn fields. The same regression analysis on the data 
shown in Figure 6a and b. gives r* of 0.86. 0.74, 0.07, 0.61 , and 0.74 for five different fields in the 
same sequential order. Notice that the slopes of the regression lines for the vegetated fields are re- 
duced compared to those for the bare fields. The slope reduction is generally higher the larger the 
water content in the vegetation and the higher the frequency of observation. This is in general agree- 
ment with previous studies of Kirdiashev et al. (1979), Wang et al. (1980a), and Jackson et al. (1981). 



A plot of the ratio between the measured horizontally polarized brightness temperatures at 
5GHz and 1.4GHz frequencies against W is shown in Figure 7. At W > 1 1% this ratio for the 
bare field averages about 0.95, while that for the vegetated fields is > 1.0 with the exception of 
two data points from corn field. This ratio, therefore, provides a means to distinguish bare fields 
from vegetated fields when W is relatively high. The ratio for the 10cm grass, 30cm grass, and 
soybean fields decreases with decrease in W over the entire W range of 2-28%. For W < 1 0% 
the ratio for the bare field increases with decrease in W. It is likely that at W < 5% the bare and 
vegetated fields can be distinguished by examining this ratio also. 

Another interesting parameter to study is the polarization factor P which is defined as 

^ _ Tgy(0 ) - Tbh(^) 

1 

where subscripts V and H denote vertical and horizontal polarizations respectively. A comparison 
of this parameter at 5GHz and 1.4GHz frequencies and 6 - 40° is shown in Figure 8. P for bare 
fields varies from 0.1 to 0.56 at 5GHz and from 0.16 to 0.48 at 1.4GHz over the entire W range 
of 4-24%. With the exception of two data points from 30cm grass field and data points from 
corn field. P’s measured at 5 GHz frequency over the vegetated fields are <0.1. Those two data 
points over 30cm grass field with P ~ 0.14 at 5GHz and P ~ 0.20 at 1 .4GHz were made not 
long after the grass were mowed. They are generally outside the region of bare field data points 
in the same figure. Some of the data points obtained from corn field measurements are well 
mixed with those from bare field measurements. Those data vs ere taken when the corn plants 
have already wilted. 

Table 1 summarizes the main features observed in Figures 5. 6, 7 and 8. From this table, it 
is found highly possible to separate the bare field from vegetated fields and determine its W by 
remote sensing with dual polarized microwave radiometers at 5GHz and 1.4GHz frequencies when 
W is > 7%. For example, if a set cf measured data gives P > 0 22 at 5GH7, then the measurements 
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could have been made only over either bare or dry com fields. Examinations of other factors 
like P at 1 4GHz as well as at both frequencies and their ratio suggest high probability of 
separating bare and dr>' corn fields statistically. The soil moisture content W can then be deter- 
mined from the regression relationship given in Figures 5 and 6. 

5. DISCUSSION 

In the previous sections we presented results of two-year experiment on remote sensing of 
soil moisture content over bare and vegetated fields using dual polarized microwave radiometers 
at 1.4GHz and 5GHz frequencies mounted on a mobile tower. These results generally agree with 
earlier reports of Wang et al. (i980a). Kirdiashev et al. (1979), and Jackson et al. (1981a). For 
measurements over bare fields we have shown that the measured brightness temperatures at both 
frequencies can be predicted fairly well by existing radiative transfer model (e.g. Wilheit, 1978) 
with known relationship between dielectric permittivity and soil moisture content. When soil is 
relatively dry, there is a slight deviation between calculated and measured brightness temperatures. 
This slight deviation could be due to the deficiency in the radiative transfer model or the dielec- 
tric permittivity model. A difference in the surface roughness distributions between bare fields 
used in two years of measurements or the uncertainty in the measurements of soil bulk density 
profile could easily make a few °K difference in the calculated brightness temperatures. To 
further improve the agreement between the measured and calculated brightness temperatures re- 
quires a refinement of above-mentioned modeling and/or measurement techniques. 

Another interesting feature regarding the bare field measurement results is that the roughness 
height h and mixing ratio Q used in the soil microwave emission model calculations are smaller at 
5GHz than at 1.4GHz frequency. The smaller h and Q values al 5GHz are needed in order to 
account for the observed lower brightness temperature b> - relative to that at 1.4GHz when 
moisture content W in the top 2.5 cm layer is > 12/7 by dry weight. A comparison of bare field 
data obtained in both 1979 and 1980 expcrime.its suggests that the 5GHz antenna side lobe prob- 
lem (Wang et al., 1980b) can not be totally responsible for the observed low brightness 
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temperatures. Fhis then points to the possibility that for the type of bare f.elds (which 
were flat with small random amplitude undulation) the measurements were made, the ther- 
mal microwave emission might depend less on surface roughness at 5GHz than at 1.4GHz. 
Another possibility could be due to the weakness of the emission model calculation. More 
experiments and modelling effort are required in order to establish the frequency dependence 
of surface roughness. A recent measurement by Newton et al. (198!) shows a larger sur- 
face roughness effect at 5GHz and 10.6GHz than at 1 4GHz frequency. 

Results of analysis given in Section 4 generally confirm the earlier reports of Kirdiashev et 
al. (1979), Wang et al. (1980a). and Jackson et al. (1981) on the effect of vegetat-on cover: the 
higher the frequency of observation and the larger the vegetation biomass, the stronger the vege- 
tation effect on the microwave emission from the underlying soil. They are also in general agree- 
ment with the airborne radiometric measurements recently made over Chickasha, Oklahoma and 
Taylor Creek. Florida (T. Jackson, personal communication). Newton and Rouse (1980) how- 
ever reported a negligible effect of vegetation cover from a similar radiometric measurement at 
1.4GHz. From a tabulation of sorghum biomass data provided by the report of Newton and Lee 
(197-'), the total biomass of the sorghum fields used in the measurements of Newton and Rouse 
(1980) is estimated to range from ~3Kg/m- to -bKe/m- with an average plant moisture of ~70^. 
Comparing with the biomass data shown m Figure 1, the sorghum fields should be as dense as our 
soybean fields near maturity. Clearly , there is a definite discrepancy between the radiometric 
measurements conducted by Newton and Rouse and those ol ours reported in this paper. More 
measurements are desirable not only to resiilve this discrepancy but also to study qualitatively 
the physics of microwave interactions in the vegetated medium. 

The presence of vegetation cover also reduces the measured polarisation factor as defined in 
Eq. (2). As shown in Table 1. this factor increases niO!iutomi.ally with increase in moisture con- 
tent for bare soil at brrth i .4GHz and .'IGH/ liequcncies With the exception of the dry corn 
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field, the measured factor at 5 GHz is limited to < 0.1 for the vegetated fields over wide range of 

moisture content 2-30%. As more data become available in the near future, a detailed study 

of this factor coul'^ help delineate field type and determine field surface moisture content. 

6. REFERENCES 

Blanchard, B. J., McFarland, M. J., Schmugge, T. J., and Rhoades, E., (1981), Estimation of soil 
moisture with API algorithms and microwave emission, to appear in Water Resources Bull. 

Choudhury, B. J., (1978). A radiative transfer model for microwave emission from soils, CSC/TM- 
78/6001, Computer Science Corp., Silver Spring, Md. 

Choudhury, B. J., Schmugge, T. J., Chang, A., and Newton, R. W., (1979), Effect of surface 
roughness on the microwave emission from soils, J. Ceophys. Res ., 84, 5699-5706. 

Choudhury, B. J., Schmugge, T. J., and Mo, T., (1981), A parameterization of effective soil teiTi- 
perature for microwave emission, AgRISTARS Technical Report SM-Gl-04050, NASA 
TM-82100, to be published in J. Geophys. Res . 

Davis, J. L., Topp, G. C., and Annan, A. D., (1976), Electromagnetic detection of soil water con- 
tent; Progress report II, Workshop Proceedings, Remote Sensing of Soil Moisture and 
Ground Water, Royal York Hotel, Toronto, Canada. 

Eagleman, J., and Lin, W., (1976), Remote sensing of soil moisture by a 21 cm passive radiometer, 
J. Geophys. Res. , 3660-3666. 

Jackson, T. J., Schmugge, T. J., and Wang, J. R., (1981), Effect of vegetation on passive micro- 
wave estimates of soil moisture, IEEE (IGARSS ’81) Catalog No. 81CH1656-8, 375-387. 

Kirdiashev, K. P., Chukhlantsev, A. A., and Shutko, A. M., (1979), Microwave radiation of the 
earth's surface in the presence of vegetation cover, Radiotek. Elektron. , 24 , 256-264, 1979 
(NASA Tech. Trans. TM-75469, 1979). 


11 


Mo, T., Schmugge, T. J.. and Choudhurj', B. J., (J980), Calculations of the spectral nature of the 
microwave emission from soils, AgRISTARS Technical Report SM-GO-04018, NASA TM82002. 

Newton, R. W., and Rouse, J. W.. (1980), Microwave radiometer measurements of soil moisture 
content, IEEE Trans. Antennas. Propagat. , AP-28 , No. 5, 680-686. 

Newton, R. W., Black, Q. R., Makanvand, S., Blanchard, A. J., and Jean, B. R., (1981), Soil 
moisture information and thermal microwave emission. IEEE (IGARSS ’81), Catalog No. 
81CH1656-8, 396-413. 

Newton, R. W., and Lee, S. L.. (1974). Joint soil moisture experiment at Texas A&M University: 
ground data report. Technical Report RSC-6I, Texas A&M University, College Station, Texas. 

Njoku, E. G., and Kong, J. A. (1977), Theory for passive microwave remote sensing of near- 
surface soil moisture, J. Geophys. Res. , 82 . 3108-3118. 

Schanda, E., Hofer, R.. Wj'ssen. D., Musy, A., Meyian, D., Morzier, C., and Good, W., (1978), 

Soil moisture determination and snow classification with microwave radiomctry, Proc. 12th 
International Symposium on Remote Sensing of the Environment, Environ. Res. of M’ i., 

Ann Arbor. 

Schmugge, T. J., (1980), Microwave approaches in hydrology. Photogram. Engi. Remote Sensing, 

4, 495-507. 

Schmugge, T. J., Gloersen, P., Wilheit, T.. and Geiger, F., (1974), Remote sensing of soil moisture 
with microwave radiometer, J. Geophys. Res. , 79, 317-323. 

Schmugge, T. J., Meneely. J. M., Rango, A., and Neff. R., (1977), Satellite microwave observa- 
tions of soil moisture variations. Water Re.sources Bull. , 13, 265- 

Ulaby, F. T., Batlivala, P. P., and Dobson, M. C,, (1978), Microwave backscatter dependence on 


12 




surface roughness, soil moisture and soil texture. I, Bare soil, IEEE Trans. Geosci. Elect. . 
GE-16. 286-295. 

Wang, J. R., and Schmugge, T. J., (1980), An empirical model for the complex dielectric permit- 
tivity of soils as a function of water content. IEEE Trans. Geosci. Elect., GE-18 , No. 4, 
288-295. 

Wang, J. R., and Choudhury, B. J.. (1981), Remote sensing of soil moisture content over bare 
fields at 1.4GHz frequency, J. Geophys. Res. . C^, 5277-5282. 

Wang, J. R., Shiue, J. C., and McMurtrey, J. E.. (1980a), Microwave remote sensing of soil moist- 
ure content over bare and vegetated fields, Geophys. Res. Letters , 7, 801-804. 

Wang, J., Shiue, J., Engman, E., McMurtrey, J., Ill, Lawless, P., Schmugge, T., Jackson, T., 
Gould, W., Fuchs, J., Calhoon, C., Carnahan, T., Hirschmann, E., and Glazar, W., (1980b), 
Remote measurements of soil moisture by microwave radiometers at BARC test site, 
AgRISTARS SM-GO-00471, NASA TM-80720. 

Wilheit, T. T., (1978), Radiative transfer in a plane stratified dielectric, IEEE Trans. Geosci. 
Elect., GE-16. 138-143. 


13 



TOTAL BIOMASS, Kgim 


10 


9 


8 


7 


5 


4 


3 


2 


1 


OCT. JULY AUG. SEPT. OCT. 

1979 1980 

Figure 1. Time variation of vegetation total biomass in 1979 and 1980 experiments. 
The line segments on top portion of the figure indicate the time periods when 1.4 GHz 
(L-band) and 5 GHz (C-band) radiometers are operative. 
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10° incidence angle and horizontal polarization. 
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incliidcu for comparison. 
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incidence angle and (b) 50° incidence angle. Origlitness temperatures at both vertical and horizontal polarizations are 
included for comparison. 
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I'igurc 5. The normalized brightness temperatures at incidence angle of 40° plotted as a function of soil moisture content 
in the top 2.5 cm layer lor bare and vegetated fields; (a) bare, 10 cm grass, and 30 cm grass fields and (b) soybean and 
corn fields. The measurements were made at 1.4 GHz and horizontal polarization. 
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Figure 7. The ratio of measured brightness temperatures at 5 GHz and 1. 4 GHz plotted as a 
function of soil moisture content in the top 2.5 cm layer for bare and vegetated fields. The 
measurements were made at 40° incidence angle and horizontal polarization. 


20 



C BAND POLARIZATION FACTOR 



Figure 8. A comparison of the measured polarization factors at 1.4 GHz and 5 GHz frequen- 
cies for bare and vegetated fields. Data were taken at 40° incidence angle. 
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FIGURE CAPTIONS 


Figure I. Time variation of vegetation total biomass in 1979 and 1980 experiments. The line 

segments on top portion of the figure indicate the time periods when 1.4GHz (L-band) 
and .^GHz (C-band) radiometers are operative. 

Figure 2. The variation of normalized brightness temperatures with soil moisture content in the 
top 2.5cm layer: (a) 1.4GHz frequency and (b) 5GHz frequency. The measurements 
were made over bare fields in both 1979 and 1980 at 10° incidence angle and horizontal 
polarization. 

Figure 3. A comparison of measured and calculated brightness temperatures for bare fields at 
1.4GHz frequency: (a) 10° incidence angle and (b) 50° incidence angle. Brightness 
temperatures at both vertical and horizontal polarizations are included for comparison. 

Figure 4. A comparison of measured and calculated brightness temperatures for bare fields at 

5GHz frequency: (f.) 10° incidence angle and (b) 50° incidence angle. Brightnesc tem- 
peratures at both vertical and horizontal polarizations are included for comparison. 

Figure 5. The normalized brightness temperatures at incidence angle of 40° plotted as a function 
of soil moisture content in the top 2.5 cm layer for bare and vegetated fields: (a) bare, 
10cm grass, and 30cm grass fields and (b) soybean and corn fields. The measurements 
were made at 1.4GHz and horizcnt:jl polarization. 

Figure 6. The normalized brightness temperatures at incidence angle of 40* plotted as a function 
of soil moisture content in the top 2.5cm layer for bare and vegetated fields: (a) bare, 
10 cm grass, and 30 cm grass fields and (b) soybean and corn fields. The measurements 
were made at 5.0 GHz and horizontal polarization. 



FIGURE CAPTIONS (Continued) 


F^ure 7. The ratio of measured brightness temperatures at 5GHz and 1.4GHz plotted as a func- 
tion of soil moisture content in the top 2.5 cm layer for bare and vegetated fields. The 
nwasurements were made at 40“ incidence angle and horizontal polarization. 

Figure 8. A comparison of the measured polarization factors at 1.4GHz and 5GHz frequencies 
for bare and vegetated fields. Data were taken at 40° incidence angle. 


